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AbstractSoil structure is known to influence microbial communities in soil and soil aggregates are the fundamental ecological unit of organisation that support soil functions. However, still little is known about the distribution of microbial communities and functions between soil aggregate size fractions in relation to land use. Thus, the objective of this study was to determinethe gene abundance of microbial communities related to the nitrogen cycle and potential greenhouse gas (GHG) fluxes in six soil aggregate sizes (0-0.25, 0.25-0.5, 0.5-1.0, 1-2, 2-5, 5-10 mm) in four land uses (i.e. grassland, cropland, forest, young forest). Quantitative-PCR (Q-PCR) was used to investigate the abundance of bacteria, archaea and fungi, and functional guilds involved in N-fixation (nifH gene), nitrification (bacterial and archaeal amoA genes) and denitrification (narG, nirS, and nosZ genes).  Land use leads to significantly different abundancesfor all genes analysed, with the cropland site showing the lowest abundance for all genes except 
amoA bacteria and archaea. In contrast, not a single land use consistently showed the highest gene abundance for all the genes investigated. Variation in gene abundance between aggregate size classes was also found, but the patterns were gene specific and without common trends across land uses. However, aggregates within the size class of 0.5 – 1.0 mm showed high bacterial 16S, nifH, amoA bacteria, narG, nirS and nosZ gene abundance for the two forest sites but not for fungal ITS and archaeal 16S. The potential GHG fluxes were affected by land use but the effects were far less pronounced than for microbial gene abundance, inconsistent across land use and soil aggregates. However, few differences in GHG fluxes were found between soil aggregate sizes. From this study, land use emerges as the dominant factor that explains the distribution of N functional communities and potential GHG fluxes in soils, with less pronouncedand less generalized effects of aggregate size.
























































































different land uses, ii) to assess the difference in greenhouse gases fluxes between soil aggregatesizes classes and bulk soil from different land uses, iii) to identify possible relationships between microbial gene abundances, potential GHG fluxes and the physico-chemical characteristics of the soil aggregates. 
2. Material and methods
2.1 Study areaThe study area is originated from the Critical Zone Observatory Marchfeld/Fuchsenbigl area (Banwart, 2011) located east of Vienna, Austria, in the National Park ‘‘Donau-Auen’’ on a floodplain of the Danube River (Fig. S1). The mean annual temperature in the area is ~9 °C and mean annual precipitation ~550 mm. The study sites are located along a chronosequence starting from a young river island (created <70 years; average inundation frequency: 10 day yr-





























groundwater and is located close to the Danube River. In contrast, the Mollic Fluvisols have no impact of groundwater and are characterized by a fast OC accumulation in the topsoil. In our study area Mollic Fluvisols develop towards a Chernozem.
2.2 Soil sampling and fractionationThe soil sampling was identical at all sites and was performed in September 2011 under dry soil moisture conditions (capillary potential pF 3.8 - 4.0). At each site, three sampling spots (70 x 70 cm) were randomly selected within a circle of about 30 m radius. The soil layer from 5 -10 cm soil depth was sampled to avoid the main rooting zone in grassland and the litter layer in forest sites, focusing on the similar mineral soil layer across sites. The soil samples were manually dry sieved to obtain 6 soil aggregate size classes: < 0.25, 0.25 - 0.5, 0.5 - 1, 1 - 2, 2 - 5, and 5 - 10 mm. The soil fraction > 10 mm was not included in the study as it was composed of a wide range of aggregates and large clumps (100 – 500 g per clump). During dry sieving, visible roots were removed. Sieving continued with freshly excavated soil until ~200 g of soil aggregates was obtained for each aggregate size class. Additional bulk soil samples were collected at each site and sampling spot. Soil aggregate size fractions and bulk soil samples werestored at 4 °C and samples for DNA extraction at -20°C before subsequent analysis. Dry-sieving was chosen over wet-sieving to avoid any bias due to dry/wet cycles with wet-sieving that could have direct effect on GHG emissions (Kaiser et al., 2015). Despite knowing that the sieving method affects the gene abundance quantification, dry-sieving can nonetheless reveal differences in gene abundance between soil aggregate sizes (Blaud et al., 2017).





























Microbial abundance was investigated by Quantitative-PCR (Q-PCR) targeting specific genes or genetic regions. Bacterial and archaeal communities were targeted via the 16S rRNA genes, while the fungal community abundance was investigated by targeting the ITS region. The different communities involved in most steps of the N-cycle were investigated: the nitrogen fixing microorganisms were quantified based on the nifH gene; nitrification was investigated by targeting the ammonia oxidising bacteria (AOB) and archaea (AOA) via the amoA gene, and denitrifiers were targeted via the narG gene coding for the nitrate reductase, the nirS gene coding for the nitrite reductase and the nosZ gene coding for the nitrous oxide reductase (Table S1). Q-PCR standards for each molecular target were obtained using a 10-fold serial dilution of plasmids carrying a single cloned target gene or relevant part thereof. Standard curve template DNA and the “no template control” (NTC) were amplified in duplicate in the same plateas the environmental samples. Q-PCR amplifications were performed in 25 µl volumes containing 12.5 µl of iQ™ SYBR® Green Supermix (Bio-Rad, Hemel Hempstead, UK), 8.5 µl of nuclease-free water (Ambion, Warrington, UK), 1.25 µl of each primer (10 µM) and 1 µl of template DNA using a CFX96™ Real-Time System (Bio-Rad, Hemel Hempstead, UK). Amplification conditions for all Q-PCR assays are given in the supplementary material and Table S1. The efficiency of the Q-PCR assays was above 90%, except for fungi and AOA (~70%). The r2 were > 0.99, except for nifH and nosZ genes (~0.97). 




























content was low (pF 3.8-4.0), potentially reducing microbial activity and subsequent GHG fluxes.For full details on the GHG measurements, refer to the supplementary material.Fluxes of CO2 and NO were measured with a fully automated laboratory measuring system as described in detail by Schindlbacher et al. (2004) and Schaufler et al., (2010). Carbon dioxide was measured with a PP Systems WMA-2 (Amesbury, MA, USA), infrared CO2 analyser, and NO was measured with a HORIBA APNA-360 (Kyoto, Japan) chemoluminescence NOx analyser. Determination of N2O and CH4 fluxes was done manually by closed chamber technique. The analysis was done immediately after gas sampling by gas chromatography (AGILENT 6890N) connected to an automated system sample-injection (AGILENT TECH G1888, Network HEADSPACE-SAMPLER) at an oven temperature of 40 °C. Nitrous oxide was measured by a 63Ni-electron-capture detector and CH4 by a flame ionization detector. 
2.5. Physico-chemical analysis of bulk soil and aggregates The soil moisture content, organic C, total N, N-NO3-, N-NH4+, P-PO3-4, and carbonate concentration, C/N, and soil texture (i.e. sand, silt and clay contents) were measured for each aggregate size class and bulk soil. Three different fractions of soil organic matter (SOM) were determined by simultaneous thermal analysis (STA) according to Barros et al. (2007): labile SOM, stable SOM and refractory SOM. Particle size distribution in the various aggregate size classes as well as the SOM fractions (STA) were measured on one composite sample for each site(i.e. mixture of the 3 replicates at each site). For full details of the methods used, refer to the supplementary material.





























statistical analysis. When one or both of these conditions were not met, the data were log transformed to comply with the conditions. However, if log transformation did not lead to normality or homoscedasticity or could not be applied (presence of negative values for GHG), one-way ANOVA was performed to test the effect of land use within each aggregate size class separately. Similarly, to test the effect of soil moisture level on GHG fluxes for each land use, two-way ANOVA was applied with soil aggregate size and soil moisture level as main factors. To test the effect of aggregate size within each land use on microbial gene abundance, GHG fluxes and soil aggregate characteristics, one-way ANOVA was performed with aggregates size as a factor (df = 6) for each land use separately, insuring conditions were met as described previously. When significant (P < 0.05) effects were found for ANOVA, the Tukey HSD (honest significant difference) test was used to reveal the significance of the differences between class pairs. In order to get insight into the potential drivers of microbial gene abundances and GHG fluxes, Spearman’s rank correlation coefficients ρ (-1 ≤ ρ ≤ 1) were calculated between microbialgene abundance, GHG and soil characteristics, across all the land uses to reveal the factors explaining the differences due to land use, or for each land use to reveal the factors explaining the differences due to soil aggregate size classes. To display the correlations, heatmaps were constructed using the library “gplots” from R software, were colours represent the direction andstrength of the correlation. All statistical analyses were performed using R v3.2.1 (R Development Core Team, 2015)and a significance level of P <0.05 was used throughout.
3. Results

























































3.2. Variation in microbial gene abundance between land uses and soil aggregate size 
classes All microbial gene abundances investigated showed significant differences between landuse types for at least one soil aggregate size class or bulk soil (Fig. 1, Fig. S7-S9, Table S2). The cropland site consistently (i.e. across bulk soil and soil aggregates) showed lower abundance of bacterial 16S rRNA, nifH, narG, nirS and nosZ genes, while amoA bacteria (AOB) was lower in grassland (Fig. S8) and amoA archaea (AOA) in young forest (Fig. 1, S8). In contrast, the forest site tends to harbour the highest abundance for the different aggregate sizes of bacterial and archaeal 16S rRNA, AOB and AOA genes (Fig. S7, S8), while the nifH, narG and nirS genes showedthe highest abundance in young forest site (Fig. 1, S8, S9), and nosZ gene in grassland site (Fig, 1,S9). Significant effects of aggregate size within individual land uses were found (one-way ANOVA and Tukey HSD) for all microbial amplicon abundances investigated, except archaeal 16SrRNA, fungal ITS, and AOA (Fig. S7-S9). However, significant pairwise differences were only found for the young forest (for bacterial 16S rRNA, nifH, and narG genes) and forest sites (for AOB, narG, nirS and nosZ genes). Trends at the young forest site were similar, where genes abundances were overall found relatively high in 0.5 -1.0 mm aggregates and relatively low in 2.0-5.0 mm and < 0.25 mm aggregates (Fig. 2). For the forest site a similar trend is also found, the abundances being higher in the 0.25 – 0.5 and 0.5 – 1.0 mm aggregates than in the other aggregate size fractions (Fig. 2).
3.3. Changes in potential greenhouse gas fluxes between land uses and soil aggregate size 





























moisture (Fig. S10, S11). The CO2 emissions were significantly different (Tukey HSD) only for 0.5– 1 mm and bulk soil between cropland and forest site, and also between grassland with cropland and young forest sites for the bulk soil (Fig. 3, S10). At elevated moisture, CO2 emissions were consistently significantly lower in cropland compared to grassland sites regardless of the aggregates size classes and bulk soil (Fig. 3, S10). Overall, the CO2 emissions were significantly different between soil moisture levels, and mainly higher at the elevated moisture content than at field moisture content (Fig. S10). The other GHG fluxes showed large standard deviation (Fig. 3) and overall significant differences between land use types for a few specific aggregate size classes such as < 0.25 (CH4 elevated moisture), 0.25 – 0.5 (NO, N2O soil moisture), 1.0 – 2.0 (CH4 both moisture levels and N2O field moisture), 5.0 – 10.0 mm (CH4 and N2O elevated moisture) (Fig. S10, S11).Within the separate land use types, significant effects of aggregate size at field moisture were only observed for CH4 at the forest site and for NO at the grassland site. The 0.5 – 1.0 mm aggregates acted as a sink for CH4 at field moisture while the other aggregates classes were sources of CH4 (Fig. 4). The aggregate size classes < 0.5 mm from grassland were found to be sources of NO, while larger size classes were sinks at field moisture (Fig. 4). At elevated moisture, the bulk soil showed significantly lower CO2 emissions than the aggregates size classes, while it was a source of CH4 and aggregates size classes (except 2.0 – 5.0 mm) were sinks(Fig. 4).
3.4. Relationship between microbial gene abundance, potential greenhouse gases and soil 





















































































































environment required to perform the different steps of denitrification. Thus, there is a niche differentiation of the different steps of the denitrification, with SOM quantity and quality (directly related to the plant residues input and root exudates) playing a key role for nosZ gene abundance, while narG and nirS genes were both regulated by the P, carbonate and silt concentration.





















































































did not necessarily increase the CH4 production, as might be expected because methanogens are more active in high water content/anaerobic soils. The CH4 was either emitted or consumed depending on the soil water content for a specific land use and soil aggregate size class. This indicates that both methanogens and methane-oxidizing bacteria were present in the same soil aggregates as previously found by Sey et al. (2008) and can co-exist in the same niche. Similarly, increasing soil water content did not increase the anaerobic process of denitrification responsible for NO and N2O fluxes, indicating that other factors are regulating these fluxes and the microorganisms responsible, or the increase in soil water content was not enough to reach anaerobic conditions. Overall, the GHG fluxes did not occur in a specific aggregate size class within a land use as found for microbial gene abundances in forest sites. Previous studies found higher CO2 emissions in microaggregates whilst acting as sinks of CH4 (Sey et al., 2008). However, CO2 emissions were also shown to be highly sensitive to water filled pore space (WFPS), with no difference in emissions between aggregate size at 60% WFPS; microaggregates acted as sinks of CH4 at 20% WFPS but a source at higher WFPS (Ramakrishnan et al., 2000; Sey et al., 2008). However, in the current study, elevated soil moisture did not reveal more significant differences than at soil moisture in GHG fluxes between soil aggregates, indicating that other factors may drive differences or that the size of soil aggregate may not be an important driver for GHG fluxes.





























erosion. Although soil aggregate size was not a dominant factor, it affected the distribution of theN functional communities at the semi-natural forest sites, showing that some microbial functions are probably related to specific microhabitats (i.e. the architecture and distribution of pores filled with water and air, the availability of organic matter and other nutrients) in soil, where anthropogenic activity is limited, allowing differences between microhabitats to develop. However, no specific size of soil aggregates enhanced the abundance of any specific microbial function across all four land uses. Soil aggregate size had little effect on GHG fluxes, indicating that the size of soil aggregates may not have much effect on GHG fluxes but it also highlights the difficulties of measuring GHG fluxes in aggregates. This study only addresses a single point in time, limiting our understanding of the distribution of microbial functions over soil aggregates of different size. Further studies are needed, taking into consideration the dynamics of soil aggregates and its relation with microbialcommunities by sampling at multiple time points, work on a wider range of aggregate size classes (e.g. size classes < 0.25 mm) and land use types. Furthermore, combining microbiology and soil architecture (e.g. x-ray tomography) as well as nutrient availability in local and time scale, would fully reveal the physical distribution of microhabitats, the microbial communities and functions among soil aggregates. Comparing microbial functions between soil aggregates of varying size from a specific land use (e.g. forest) but from different locations or soil types may also provide more insight into the role of soil aggregates in microbial functioning.
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Soil (0-10 cm) age (yr) < 70 250-350 250-350 250-350Water content (%) 11.3 ± 0.26 14.1 ± 1.11 17.1 ± 0.69 12.0 ± 0.26Soil pH (H2O) 7.7 ± 0.14 7.5 ± 0.07 7.4 ± 0.17 7.4 ± 0.09Organic C (%) 2.4 ± 0.36 3.2 ± 0.08 3.8 ± 0.28 5.0 ± 0.60Total N (%) 0.13 ± 0.01 0.17 ± 0.01 0.25 ± 0.02 0.33 ± 0.04Corg/N 18.1 ± 1.83 18.5 ± 1.60 15.1 ± 1.02 15.0 ± 0.52N-NH4+ (mg kg-1) 1.59 ± 0.29 0.49 ± 0.01 0.57 ± 0.03 4.77 ± 0.98N-NO3- (mg kg-1) 20.3 ± 3.07 18.6 ± 4.00 24.3 ± 3.13 1.5 ± 0.66P-PO43- (g kg-1) 0.35 ± 0.10 1.13 ± 0.47 0.85 ± 0.48 0.59 ±0.04CaCO3 (%) 19.0 ± 1.90 20.6 ± 1.11 20.4 ± 0.62 21.1 ± 1.41Sand, 63-2000 μm (%) 32.7 20.2 22.5 8.2Silt, 2-63 μm (%) 43.8 63.4 51.2 63.0Clay, < 2 μm (%) 23.5 16.4 26.3 28.8







> 10 mm 37.3 ± 9.1 11.3 ± 1.0 11.9 ± 4.4 7.9 ± 2.45.0 - 10.0 mm 14.6 ± 2.4 15.5 ± 1.1 18.3 ± 2.7 21.5 ± 2.02.0 - 5.0 mm 20.5 ± 4.0 26.1 ± 3.1 31.2 ± 2.2 37.8 ± 3.61.0 - 2.0 mm 11.8 ± 2.4 21.8 ± 4.1 23.1 ± 8.4 14.5 ± 0.50.5 - 1.0 mm 6.4 ± 3.5 9.3 ± 2.8 5.9 ± 1.7 5.2 ± 0.4
0.25 - 0.5 mm 7.1 ± 4.6 12.7 ± 2.6 7.5 ± 2.7 6.9 ± 0.1



























































Fig. 6 Heatmaps of Spearman’s rank correlation coefficients ρ between soil properties and microbial genes abundance from samples across six soil aggregates sizes classes (< 0.25, 0.25 – 0.5, 0.5 – 1.0, 1.0 – 2.0, 2.0 – 5.0 and 5.0 – 10.0 mm) and for a) young forest and b) forest sites separately, which showed significant variation in gene abundance with aggregates size classes (refers to figure S13 for the other land uses). AOB: amoA bacteria; AOA: amoA archaea. The ρ values > 0.47 and < -0.47 are significant (P < 0.05).
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